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Heavy quarks: motivation
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!  Quark masses:! Quark masses span a wide 
kinematical range: 

Light quarks 

Heavy quarks 

!  Heavy quark is heavy if   

!  Heavy quark is “light” if  !

Quark mass 

Qs(x ⇠ 1/
p
s) & mQ

Qs(x ⇠ 1/
p
s) ⌧ mQ

Qs(x ⇠ 1/
p
s)

Light quarks

Heavy quarks

ΛQCD

Qs

Heavy quarks have masses that are much larger than the typical QCD scale ΛQCD

Asymptotic freedom: �s(m2)⌧ 1 Perturbation theory is applicable!

Higher twist effects ~ Q2
s

m2

⌦
�sG2

↵

m4
⌧ 1
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• J/ψ binding potential V(r,T) 

• J/ψ wave function Φ(r,T),

•J/ψ formation rate ∝|Φ(r,T)|2, 

 Immersing J/ψ in quark-gluon plasma modifies

and turns on new production mechanisms such as 
recombination etc. 

If we have a good theoretical control of these processes we will be able to extract 
medium properties from the J/ψ production cross sections. 

First, we need to understand J/ψ production in pp and in pA collisions.

J/" above Tc: alive and well?

M.Asakawa,

T.Hatsuda

J/" seems to survive 

in the plasma 

up to ~ 2 Tc  : 

is it true?
Talks by

O. Kaczmarek,

S. Datta

3

J/ψ in hot medium
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Factorization

Factorization ?

Universal pdf’s Phenomenology

• Factorization is broken if the hard amplitude involves simultaneous 
interactions with more than two partons at a time. 

Hard pQCD:

• Coherent scattering: lc>>RA (coherence effects start at lc~Rp)

CGC/saturation = implementing the coherence.
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Slide stolen 
from T. Frawley

Assuming factorization...

This does not look like a reasonable behavior. 5
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Coherent scattering:

Coherence
q k1

k2
p

pz = qz � k1z � k2z ⇡
k2

1 + m2

2z!
+

(p� k1)2 + m2

2(1� z)!

|k1 � k2| ⇠ ↵sm⌧ p? z ⇡ 1/2

pz =
1
!

⇥
p2
? + (2m)2

⇤
=

2p
s
e�y

⇥
p2
? + (2m)2

⇤

FL(pz) =
1
A

Z
d2b

Z 1

�1
d⇠ ⇢(b, ⇠) eipz⇠

lc ⇠
1
pz

> RA

Longitudinal momentum transfer

The longitudinal form factor is a measure of the coherence of high 
energy process 

☞ FL ⇡ 1
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The longitudinal form factor
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FIG. 8: (Color online). Square of the longitudinal form factor as a function of transverse momentum of

J/ in GeV’s. Lines from bottom to top:
p

s = 0.2 TeV, y = 0 (blue, solid),
p

s = 0.2 TeV, y = 1.7 (red,

dashed),
p

s = 2.76 TeV, y = 0 (green, dot-dashed),
p

s = 5.5 TeV, y = 0 (brown dashed).

This integral is quadratically divergent in the infrared region. However, the quadratic divergent

terms cancel between the four terms appearing in (24) as is evident in (20). Therefore, we are

interested only in terms that diverge at most logarithmically. To find those, take Laplacian of I(x)

@2

x

I(x) = �
Z

d2`

`2
e�i`·x = �2⇡ ln

1
xµ

(B2)

Note that I(x) depends only on the absolute value of x. Using the polar coordinates we cast (B2)

in the form

1
x

@

@x

✓

x
@

@x
I

◆

= �2⇡ ln
1

xµ
(B3)

Integrating this equation yields

I(x) = �(2⇡)
x2

4
ln

e

xµ
+ . . . (B4)

where elapses indicate the divergent terms independent of x.
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The time scales

A pre-hadron cc pair is produced over time

 J/ψ wave function is formed over time

Hierarchy of scales required for the dipole model: τF>>τP>>τint

τP = lc/c = 7 ey
fm

τF =
2 Mψ

Mψ′ − Mψ

lc = 42 e
y
fm
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g ~'kl 3 SS~ 

g M "  K2 "7 

Fig. 1. Diagram which contr ibutes  to the subprocesses gg 
--* 3po, 2 ~ 3S17. Momentum labels are indicated. 

processes ( l )  and (2b), finally, contribute to the ob- 
served 3S 1 rates via the radiative decays 3pj _+ 3S1,,/. 

It is easy to see that the processes listed above can 
also be distinguished as follows. The formation proces- 
ses of class (A), which have already been considered 
earlier [6] lead only to 3S 1 states with small transverse 
momenta since the mass difference between P- and S- 
waves is typically 400 MeV. We reconsider these proces- 
ses here to obtain a complete and consistent descrip- 
tion of the 3S 1 production for all PT- The hard scat- 
tering processes of class (B), although of higher order 
in as, dominate high PT production. The contribution 
of the direct process (2a) to the J/~ production was 
discussed in ref. [7]. We evaluate in addition the cas- 
cade processes (2b), which are expected to be important 
in the large PT domain since the quark distributions are 
significantly harder than the gluon distribution and the 
branching ratios B(3pj  -+ 3 S17) are as big as 30% for 

35~ 

--z "-:5 ~ g P 

g 
(a)  

351 

(b) 

Fig. 2. Diagrams which contr ibute  to the  subprocesses (a) gg 
--~ 3Slg  and Co) gq ~ 3Po, l ,2q ---r 3S ly  q. Momen tum labels 
are indicated. 

J = 1. For the former reason we also expect gq ~ 3pjq 
to dominate over gg ~ 3pjg. 

In the following, we calculate the PT-distributions 
BeeEd3a/dp 3 ly=0 and the integrated rates Bee 
× da/dy ly--0 for both the J/tp and the T resonances. 
We compare our results in detail with available data 
at FNAL and ISR energie s. 

The cross sections for the subprocesses, eqs. (1) and 
(2), follow from a somewhat lengthy, otherwise straight- 
forward calculation of the diagrams shown in fig. 1 and 
2. Details can be found in the existing literature. In 
particular, the amplitude for qq ~ 3 S1 g is obtained 
from the amplitude for the 3g-decay 3S 1 ~ 3g [8] by 
crossing. The cross sections for the P-wave production 
via the processes (1) and (2b) are derived [9] from 
amplitudes given in ref. [ 10]. Parametrizing the wave- 
function RS(0 ) by the leptonic width 

Pee - p(3S1 ~ e+e-)  = 4a2e~M-2R2(O), (3) 

and R~,(0)by the dimensionless ratio 

r = 4R'p(O)/M~,R2(O), (4) 

we obtain for the processes of class (A): 

b(gg ~ 3P0) = (3zr2~2rFee/4a2e~Mo)~ (~- M O) '(5a) 

6(gg ~ 3P2) = (zr2a~rFee/a2e~Mz)8(g- M2), (5b) 

and for the processes of class (B) 
5not3M2Pee 

-(gg ~ 3Slg ) = 
36a2e~ (6) 

X ~2(g _ M2)2 + i 2 ( / _  M2)2 + t~2(t~ _ M2)2 
£2(§ _ M2)2(I: _ M2)2(t ~ _ M2)2 ' 

rrc~3rFeeMo ( t -  3Mg)2(~ 2 +t~ 2) 
~ -  (qg ~ 3P0q ) = 

18a2e~) §2(-12)([ - M 2'~4 ' 
0" (7a) 

rra3rFeeM1 _4M12gt~ _ i(~2 +fi2) dO ~ ( g q  -> 3p 1 q) - 
3a 2 e~ ~2(~_ M12)4 (71~) 

d& rra3rPeeM2 
di (gq -> 3P2q) - 

9a2e~ (7c) 

-2~z~ [i 2 -6M2(i-M2)] + (i-M22)2(i 2 + 6M 4)  
X ~2( - [ ) ( i  - M2)4 

Here ,  M0,1, 2 are the masses of the P-wave states 
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J/ψ production mechanisms in pp

• Color singlet model
 must have the same quantum numbers as the final quarkonia. qq̄

The wave function parameter ψ(0) is uniquely fixed using the J/ψ decay rate. 

May 12, 2010 Jianwei Qiu, BNL   12 

CSM:  Huge high order corrections 

LO associate

NLO

NNLO

Artoisenet, Landsberg, 
Maltoni, 2007 

• Far from data

• Strong scale dependance

•Poor convergence

9

Baier Ruckl, 1981



J/ψ production mechanisms in pp (cont.)

• Non-relativistic QCD model 

Gives the best fit to Tevatron pT spectra, but has a lot of free parameters (non-
perturbative matrix elements).

• Misses polarization.

• Fails for associated production

10

10/28/10 Todd Kempel -- Thesis Defense12

COM compared with data

The Color-Octet Model matches RHIC and CDF cross-section data

But the Angular Coefficient () in the Helicity frame disagrees with CDF Run-II data.

10/28/10 Todd Kempel -- Thesis Defense12

COM compared with data

The Color-Octet Model matches RHIC and CDF cross-section data

But the Angular Coefficient () in the Helicity frame disagrees with CDF Run-II data.



J/ψ production mechanisms (cont.)

Do we have a chance to understand the J/ψ production in pA and AA if 
we don’t fully understand it in pp?

Possibly yes, because we have an additional parameter A>>1 that 
allows to re-sum parametrically large higher twists contributions. 

11

Higher twist effects must be properly taken into account Qiu, Sterman 



Production of J/ψ: pp vs pA

!l1, x1
!l1, x1
!l1, x1

A) B)

hadron − hadron collisions

ΨV (r) ΨG(l1; r, z)ΨV (r) ΨV (r)

!l2, x2 !l2, x2 l3, x2

ΨG(l1; r, z)

z01 z02

hadron − nucleus collisions

α
4

sA
2/3 = (α2

sA
1/3)2

∼ 1α
3

sA
1/3 = αs(α

2

sA
1/3) ∼ αs

12

↵2
sA

1/3 ⇠ 1

Kharzeev, KT (2005)
Kharzeev, Levin, KT (2008)

This diagram breaks 
factorization.
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Quasi-classical approximation
x1

x2

x′
1

x′
2

4

x1

x2

x

�
1

x

�
2

FIG. 1: One of the interactions before the last inelastic scattering. The diagrams that are complex conjugate

to the first row of diagrams are not shown. The vertical dashed line denotes the last inelastic interaction

when the cc̄ pair is converted into the color-singlet state. The vertical solid line is the cut corresponding to

the final state.

Let us introduce notations

x

1

= b +
1
2
r , x

2

= b� 1
2
r , (2)

x

0
1

= b

0 +
1
2
r

0 , x

0
2

= b

0 � 1
2
r

0 , (3)

� = b� b

0 , B =
1
2
(b + b

0) . (4)

Multiplying (1) by ⇢T (B)�, where ⇢ is the nuclear density, � is the total dipole-nucleon cross

section, T (B) is the nuclear thickness, we get

�1
8
Q2

s

(B)


(x
1

� x

0
1

)2 ln
1

µ|x
1

� x

0
1

| + (x
2

� x

0
2

)2 ln
1

µ|x
2

� x

0
2

|

�

, (5)

where Q2

s

is the gluon saturation scale given by (21) and µ an infrared cuto↵. Eq. (5) is the lowest

order expansion of the dipole-nucleus scattering amplitude. It provides the initial condition for the

low-x evolution [10, 19]. This evolution erases the dependence of the scattering amplitude on the

infrared scale µ so that the amplitude becomes dependent only on the saturation scale – the e↵ect

known as the geometric scaling [20–24]. This allows to drop the logarithmic factors, as suggested

by Golec-Biernat and Wustho↵ [16], and to write

�1
8
Q2

s

(B)
⇥

(x
1

� x

0
1

)2 + (x
2

� x

0
2

)2
⇤

= �1
4
Q2

s

(B)
✓

�2 +
1
4
(r � r

0)2
◆

. (6)

Our notation is x

2 = x2 = x2

?.

�1
8
Q2

s(B)
⇥
(x1 � x

0
1)

2 + (x2 � x

0
2)

2
⇤

= �1
4
Q2

s(B)
✓

�2 +
1
4
(r � r

0)2
◆

x1 = b +
1
2
r , x2 = b� 1

2
r ,

x

0
1 = b

0 +
1
2
r

0 , x

0
2 = b

0 � 1
2
r

0 ,

� = b� b

0 , B =
1
2
(b + b

0)

modulo log’s (dropping logs: GBW model/geometric scaling)

Dominguez, Kharzeev, Levin, 
Mueller, KT (2011)

Kharzeev, Levin, KT (2012)



14

5

FIG. 2: One of the interactions after the last inelastic interactions. Complex conjugate diagrams are not

shown.

Sum of the diagrams on Fig. 2 represents the contribution of an elastic scattering of color singlet

after the last inelastic scattering. The corresponding factor is given by

�1
8
Q2

s

(B)
⇥

(x
1

� x

2

)2 + (x0
1

� x

0
2

)2
⇤

= �1
8
Q2

s

(B)(r2 + r02) , (7)

where we again dropped the logarithmic factors.

B. The last inelastic interaction

FIG. 3: The last inelastic interaction.

Sum of the diagrams on Fig. 3 represents the contribution of the last inelastic scattering con-

verting the color octet into the color singlet. Neglecting logarithms we get

�1
8
Q2

s

(B)
⇥

(x
2

� x

0
1

)2 + (x
1

� x

0
2

)2 � (x
1

� x

0
1

)2 � (x
2

� x

0
2

)2
⇤

= �1
4
Q2

s

(B) r · r

0 . (8)

�1
8
Q2

s(B)
⇥
(x1 � x2)2 + (x0

1 � x

0
2)

2
⇤

= �1
8
Q2

s(B)(r2 + r02)

modulo log’s
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FIG. 2: One of the interactions after the last inelastic interactions. Complex conjugate diagrams are not

shown.

Sum of the diagrams on Fig. 2 represents the contribution of an elastic scattering of color singlet
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verting the color octet into the color singlet. Neglecting logarithms we get
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Amplitude for J/𝜓 production A(p?) =
1
p2
?
F(p?)

F(p?) =
Z

d3k

(2⇡)3
 G(k) V (k � p) = 2⇡↵s

Z 1

0
dz

Z
d2r

4⇡
�(r, z)

⇣
e�i 1

2r·p � ei 1
2r·p

⌘

with the form-factor:

�(r, z) =
g

⇡
p

2Nc

�
m2

cK0(mcr)�T (r, z)�
⇥
z2 + (1� z)2

⇤
mcK1(mcr)@r�T (r, z)

 

g→J/𝜓 transition amplitude squared

J/𝜓 wave function

NT , RT are fixed from DIS

J/ψ

g g
c c

aa b b

�T (r, z) = NT z(1� z) exp


� r2

2R2
T

�
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Total inclusive cross section

d�gA!J/ X

d2b
=

Z 1

0
dz

Z
d2r

4⇡
�(r, z)

Z 1

0
dz0

Z
d2r0

4⇡
�

⇤
(r0, z0)

⇥
Z T (b)

0
d⇠

r · r0Q2
s

4T (b)
exp

⇢
� 1

16

Q2
s(r � r0

)

2 ⇠

T (b)
� 1

8

Q2
s(r

2
+ r02)

✓
1� ⇠

T (b)

◆�

Sum over multiple scatterings, integrate over pT and over the longitudinal 
coordinate of the last inelastic interaction 𝜉

d�pA!J/ X

dyd

2
b

= x1G(x1, m
2
c)

Z 1

0
dz

Z
d

2
r

4⇡

�(r, z)
Z 1

0
dz

0
Z

d

2
r

0

4⇡

�⇤(r0
, z

0)

⇥ 4r · r0

(r + r0)2

✓
e

�Q2
s

16 (r�r0)2 � e

�Q2
s

8 (r2+r02)

◆
☞
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↵s⇡
2

4CF
x1G(x1, a

2) =
Z

d

2
b1

Q

2
s1

8

From pA to AA

Now c-dipole can scatter in both nuclei ⇒ need to account for the nuclear 
matter distribution in another nucleus

d�A1A2!J/ X

dy d2b d2B
=

Z 1

0
dz

Z
d2r

4⇡

Z 1

0
dz0

Z
d2r0

4⇡
�(r, z) �⇤(r0, z0) 2TA1A2!JX(r, r0)

TA1A2!JX(r, r0) =
CF

2↵s⇡2

Q2
s1Q

2
s2

Q2
s1 + Q2

s2

4r · r0

(r + r0)2
⇣
e�

1
16 (Q2

s1+Q2
s2)(r�r0)2 � e�

1
8 (Q2

s1+Q2
s2)(r2+r02)

⌘

At small r: TA1A2!JX(r, r0) ⇡ CF

2↵s⇡2
Q2

s1Q
2
s2 4r · r0

✓
1
16
� 1

512
(Q2

s1 + Q2
s2)(3r2 + 3r02 � 2r · r0)

◆

Averaging over angles: ⌦
TA1A2!JX(r, r0)

↵
⇡ CF

↵s⇡2

r2r02

162

�
Q2

s1Q
4
s2 + Q4

s1Q
2
s2

�

3 scatterings

Kovchegov (2001)
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Low x evolution

The low x evolution gives energy/rapidity dependence

NF (r, b, y0) = 1� e�
1
8r2Q2

s(y0)

Glauber-Mueller formula for quark dipole scattering is the initial condition

Amplitude for gluon (adjoint) dipole:

NA(r, b, y) = 2NF (r, b, y)�N2
F (r, b, y)

NA(r, b, y0) = 1� e�
1
4r2Q2

s(y0)⇒

Replacing NF(y0) by NF(y) accounts for the low-x evolution of the cross section. 

NF(y) satisfies the BK equation.
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Numerical calculations

RA1A2 =

R
S d2b

d�A1A2!J/ X

dy d2b

A1 A2
d�pp!J/ X

dy

d�pp!J/ X

dy
= C

d�AA!J/ X

dy

����
A=1

The production mechanism in pp is not known, so consider the simplest one-
parameter model:

NF is parameterized with DHJ or bCGC models. 
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FIG. 3: Nuclear modification factor vs Npart in (a) dAu and (b) AA collisions using the DHJ model [13].

Band ‘a’ (green) represents rapidity y = �1.7 at
p

s = 200 GeV, ‘b’ (blue): y = 0,
p

s = 200 GeV, ‘c’

(red): y = 1.7,
p

s = 200 GeV, ‘d’ (brown): y = 3.25,
p

s = 2.76 TeV, ‘e’ (cyan): y = 0,
p

s = 5.5 TeV.

m = 1.5 GeV, C = 1. Experimental data [16–19] is represented by (blue) circles in ‘b’, by (red) squares in

‘c’ and by (brown) triangles in ‘d’. (Color online).
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FIG. 4: Same as Fig. 3 using the bCGC model [9].

VI. DISCUSSION AND CONCLUSIONS

Our calculations indicate that the nuclear modification of J/ production in dA collisions at

RHIC is dominated by the cold nuclear matter e↵ects. It would be important to study J/ 

production in pA collisions at LHC; Fig. 3 and Fig. 4 provide our predictions. In contrast, the cold

nuclear matter e↵ects alone cannot provide neither quantitative nor even a qualitative description

of the AA data. Additional mechanisms beyond the initial state e↵ects are required to explain

the experimental data. It is remarkable that at RHIC these additional mechanisms must provide

extra suppression of the NMF, perhaps via the Matsui-Satz color screening mechanism [20] or the
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FIG. 3: Nuclear modification factor vs Npart in (a) dAu and (b) AA collisions using the DHJ model [13].

Band ‘a’ (green) represents rapidity y = �1.7 at
p

s = 200 GeV, ‘b’ (blue): y = 0,
p

s = 200 GeV, ‘c’

(red): y = 1.7,
p

s = 200 GeV, ‘d’ (brown): y = 3.25,
p

s = 2.76 TeV, ‘e’ (cyan): y = 0,
p

s = 5.5 TeV.

m = 1.5 GeV, C = 1. Experimental data [16–19] is represented by (blue) circles in ‘b’, by (red) squares in

‘c’ and by (brown) triangles in ‘d’. (Color online).

a

b

c

e
d

2 4 6 8 10 12 14 16

0.2

0.4

0.6

0.8

1.0

1.2

Npart

R d
A

b
c

d
e

0 100 200 300 400
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Npart

R A
A

(a) (b)

FIG. 4: Same as Fig. 3 using the bCGC model [9].

VI. DISCUSSION AND CONCLUSIONS

Our calculations indicate that the nuclear modification of J/ production in dA collisions at

RHIC is dominated by the cold nuclear matter e↵ects. It would be important to study J/ 

production in pA collisions at LHC; Fig. 3 and Fig. 4 provide our predictions. In contrast, the cold

nuclear matter e↵ects alone cannot provide neither quantitative nor even a qualitative description

of the AA data. Additional mechanisms beyond the initial state e↵ects are required to explain

the experimental data. It is remarkable that at RHIC these additional mechanisms must provide

extra suppression of the NMF, perhaps via the Matsui-Satz color screening mechanism [20] or the

Reasonable agreement with dA and AA at LHC, undershooting of AA at RHIC
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•The cold nuclear matter effects alone cannot provide neither 
quantitative nor even a qualitative description of the AA data. Additional 
mechanisms beyond  the initial state effects are required to explain the 
experimental data. 

Conclusions I

• NMF is well described with C=1 ⇒ 
evidence that J/𝜓 production mechanism in pp collisions is similar to that in 
pA implying that it is perhaps dominated by the higher twist effects. 
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pT - spectrum

To obtain the pT spectrum we have to keep the logarithms that were neglected in 
the GBW model, e.g. instead of r · r0 we have

J(r, r0,�) =
Z

d`2

`4
e�i�·`

⇣
ei 1

2 (r�r0)·` + e�i 1
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+
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1
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(r + r0)��

◆2

ln
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µ|12(r + r0)��|

#
.

J(r, r0,�) ⇡ r · r0 F (�)
We assume that the short distance effects 
can be approximately factored out:

projects onto 1-- state from pp 
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We are interested to calculate the nuclear modification of pT spectrum in 
pA collisions. So we use the pp spectrum as input.

F (�) =
1

�pp!J/ X

Z
d�pp!J/ X(p?)

d2p?
e�ip·�d2p?

d�pp!J/ X

�pp d2p?
= N

✓
1 +

p2
?

p2
0

◆�6
Fit of experimental data:

F (�) =
(p0�)5

384
K5(p0�)Its Fourier image:

d�A1A2!J/ X

d2p?dyd2B1d2B2
=

d�A1A2!J/ X

dyd2B1d2B2

1
Q2

s1 + Q2
s2

Z
d2�
(2⇡)2

ei�·pF (�)
4

�2

⇣
1� e�

1
4 (Q2

s1+Q2
s2)�2

⌘

Going through the same steps as for the total cross section we got the final 
expression for the spectrum:
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FIG. 4: (Color online). Nuclear modification factor for J/ ’s vs p? in GeV at
p

s = 200 GeV, y = 0 in

AuAu for centralities (a) 0-20%, (b) 20-40%, (c) 40-60%, (d) 60-92% and in (e) minbias dAu. Data is from

[32, 33].

where M? =
q

p2

? + 4m2, �
s

= 0.628 is implied by theoretical arguments [14] and d = 1.2 is

fixed by fitting to the hadron production data in dA collisions at the RHIC. Y = ln(1/x), with

x = me�y/
p

s. The quark dipole scattering amplitude is given by

N
F

(r, 0, y) = 1�
p

1�N
A

(r, 0, y) . (60)

In the DHJ model (52) reads

d�
A1A2!J/ X

d2p?dy
=

d�
A1A2!J/ X

dy

Z

d2�
(2⇡)2

ei�·pF (�)
4

(Q2�

s1

+ Q2�

s2

)�2�

⇣

1� e�
1
4 (Q

2�
s1+Q

2�
s2 )�

2�
⌘

, (61)

The results of our numerical calculations using (61) are presented in Fig. 4,Fig. 5 and Fig. 6
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FIG. 5: (Color online). Nuclear modification factor for J/ ’s vs p? in GeV at
p

s = 200 GeV, y = 1.7 in

AuAu for centralities (a) 0-20%, (b) 20-40%, (c) 40-60%, (d) 60-92% and in (e) minbias dAu. Data is from

[32, 33].

for the center-of-mass energies
p

s = 200 GeV and
p

s = 7 TeV. As mentioned in the Introduction

they indicate that the final state e↵ects on J/ production increase with p?.

V. SUMMARY

In this paper we derived the p? spectrum of J/ ’s produced in pA and AA collisions in the

framework of the dipole model. We took into account the strong coherence e↵ects in the cold

nuclear medium, but entirely neglected the final state e↵ects. We used a phenomenological model

for the scattering amplitude to numerically investigate the transverse momentum dependence of
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Preliminary PHENIX
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FIG. 6: (Color online). Nuclear modification factor for J/ ’s vs p? in GeV at
p

s = 7 TeV in PbPb for

rapidities (a) y = 0 and (b) y = 3.25. Each line corresponds to a di↵erent centrality bin; from bottom to

top: 0-10% (solid red), 10-20% (dashed green), 20-30% (dash-dotted blue), 30-50% (solid purple), 50-80%

(dashed magenta) and in minbias pPb (solid brown).

the nuclear modification factors. Our results provide a useful reference for evaluation of the contri-

bution of the final state e↵ects to the J/ suppression; they are reasonable agreement with RHIC

data on J/ production in dAu collisions. The LHC pA data will be an important test of our

approach based on the gluon saturation. We find that the J/ suppression that originates from

the initial state (cold nuclear matter) e↵ects increases at the LHC energies compared to RHIC.

Meanwhile, the experimental data on AA collisions indicate [35] that J/ ’s are suppressed less at

LHC than at RHIC. We have not found a solution for this problem – in fact, our results exacerbate

it.
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Appendix A: The longitudinal form factor FL

The longitudinal form factor F
L

is a measure of the coherence of a high energy process. It is a

function of the longitudinal momentum transfer p
z

and is defined as

F
L

(p
z

) =
1
A

Z

d2b

Z 1

�1
d⇠ ⇢(b, ⇠) eipz⇠ (A1)

Predictions for LHC
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Conclusions II

• J/ψ suppression that originates from the initial state (cold nuclear 
matter) effects increases at the LHC energies compared to RHIC. 
Meanwhile, the experimental data on AA collisions indicate that J/ψ’s are 
suppressed less at LHC than at RHIC. 

• The hot (or any other) non-CGC effect increases with pT : 

✓ Possible explanation: dissociation of J/𝜓 in magnetic field.
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Open charm

k1, x1

k2, x2

q, u

(1) (2) (3)

Kovchegov, KT (2006)

q ⌧ 2m
Usual approximation is to neglect the contribution of valence quark, which is 
true if 
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Proton factorization limit KT (2005)

k1, x1

k2, x2

q, u

xpG(xp, Q
2) =

Z Q2

'(xp, q
2) dq

2
'(xp, q

2) =
↵sCF

⇡ q

2

Unintegrated gluon distribution factors out 

Kopeliovich, Tarasov (2002)

Pqg(z) =
1
2
[(1� z)2 + z2]

In the chiral limit �g!qq̄(r, r0, z) =
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�(u)�(u0)
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r2r02
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☞
collinear factorization on the proton side. 
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KT, 2007

Open charm
It is important to know the cold-nuclear matter effects on open charm!
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Heavy flavor from (forward)
single µ±

4/3 5D 15:00 Heavy Flavor
from Leptons, A. Dion (ISU)

Stronger suppression than
at mid-rapidity? Matches
trend seen for J/$

Suppression of heavy quarks in forward direction

Similar effect for heavy-ion collisions. The overall suppression is a 
combination of cold and hot nuclear matter effects.
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c-quark: nucleus factorization

Fujii, Gelis, 
Venugopalan 

RHIC
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Summary

• Cold nuclear matter (CNM) effects on J/𝜓 are now under a good theoretical 
control, especially at LHC energies.

• CNM effects increase with energy and rapidity and decrease with pT. 

• The difference between the NMF due to CNM and the one experimentally 
observed may be due to QGP or magnetic field. Its energy and pT 
dependence is puzzling. 


